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52 Materials and methods
2.1 X-rayed objects









Fig. 1 Wooden axles with different outer diameters
62.1.2	 Stems
Besides	axles,	main	stems	of	Japanese	maple	(Acer palmatum)	were	analysed	by	X-ray	(Fig.	2).





72.2 X-ray inspection system
X-ray	 images	were	 recorded	on	a	 luggage	X-ray	 inspection	system	 (Hi-Scan	6040i;	Smiths	Heimann,	Germany).	Such	




Fig. 3 X-ray inspection system with a pre-drilled wooden axles or an intact tree fixed on the conveyer by tape












































2.5  Destructive assessment
After	X-ray	analysis,	the	intact	trees	were	cut	into	pieces	of	20±10	mm	to	determine	the	number	of	boreholes	per	tree	
(Fig. 4).
Fig. 4 Wood pieces after destructive assessment to determine the number of boreholes per tree
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3   Experiments
3.1    Experiment 0: Optimisation of the hole detection 
method
The	 pre-drilled	 stems	were	 used	 to	 optimise	 the	 parameters	 Sigma,	 Low	 and	High.	 An	 example	 of	 this	 optimisation	
procedure	is	provided	in	Fig.	5.	
Fig. 5 Optimisation of the hole detection method. This X-ray image is derived from pre-drilled stems with an outer diameter of 25±10 
mm. The holes were 5 mm in diameter and drilled into the centres of the stems. In this example, the 5 pre-drilled holes were detected.
3.2   Experiment 1: The effect of object position
In	the	X-ray	system	used,	the	electromagnetic	radiation	was	emitted	by	the	X-ray	tube,	located	on	the	right	side	of	the	
system	underneath	the	conveyor.	As	a	result,	the	object	position	on	the	conveyer	may	have	an	effect	on	the	detectability	










Fig. 6 Borehole filled with boredust. This picture is derived from one of the X-ray analysed trees. The corresponding X-ray image is 
provided in Fig. 8. This borehole contained a larva of the long-horned beetle.
3.4   Experiment 3: The effect of wood humidity
In	practice,	wood	humidity	differs	to	a	great	extent.	Experiment	3	was	done	to	study	the	effect	of	wood	humidity	on	the	
detectability	of	holes.	For	this	experiment,	holes	with	a	diameter	of	5	mm	were	drilled	into	pine-wood	axles	with	outer	












Fig. 7 Four states in which wood axles were X-ray analysed: state A, B, C and D. Outer diameter of the axle (dout), the diameter of the hole 
(dhole) and the positions of the pre-drilled holes are provided per state.
In	total,	195	pre-drilled	axles	were	prepared	and	subsequently	numbered.	An	overview	of	these	axles	is	provided	in	Table	1.
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Table 1. Outer diameter (dout), diameter of hole (dhole), and the state of the axle
Number dout [mm] dhole [mm] State* Replicates
1-5 44 5 A 5
6-10 44 3 A 5
11-15 22 5 A 5
16-20 22 3 A 5
21-25 9 5 A 5
26-30 9 3 A 5
31-35 44 1 A 5
36-40 22 1 A 5
41-45 9 1 A 5
46a-50a 44 5 D 5
46b-50b 44 5 B 5
46c-50c 44 5 C 5
51a-55a 44 3 D 5
51b-55b 44 3 B 5
51c-55c 44 3 C 5
56a-60a 44 1 D 5
56b-60b 44 1 B 5
56c-60c 44 1 C 5
61a-65a 22 5 D 5
61b-65b 22 5 B 5
61c-65c 22 5 C 5
66a-70a 22 3 D 5
66b-70b 22 3 B 5
66c-70c 22 3 C 5
71a-75a 22 1 D 5
71b-75b 22 1 B 5
71c-75c 22 1 C 5
76a-80a 12 5 D 5
76b-80b 12 5 B 5
76c-80c 12 5 C 5
81a-85a 12 3 D 5
81b-85b 12 3 B 5
81c-85c 12 3 C 5
86a-90a 12 1 D 5
86b-90b 12 1 B 5
86c-90c 12 1 C 5
91-95 44 2 A 5
96-100 22 2 A 5




3.6    Experiment 5: The effect of stem diameter, hole 
diameter and hole position 












Table 2. Outer diameter (dout), diameter of hole (dhole) and the state of the pre-drilled stems used in the experiments





1a-5a 35-40 5 B 5
1b-5b 35-40 5 C 5
1c-5c 35-40 5 D 5
6a-10a 35-40 3 B 5
6b-10b 35-40 3 C 5
6c-10c 35-40 3 D 5
11a-15a 35-40 2 B 5
11b-15b 35-40 2 C 5
11b-15b 35-40 2 C 5
16-20 35-40 5 A 5
21-25 35-40 3 A 5





212a,	199a,	102a,	206a,	22a 20-25 5 C 5
212b,	199b,	102b,	206b,	22b 20-25 5 D 5
212c,	199c,	102c,	206c,	22c 20-25 5 B 5
121,381,372,139,316 20-25 5 A 5
293a,	380a,	90a,	100a,	354a 20-25 3 C 5
293b,	380b,	90b,	100b,	354b 20-25 3 D 5
293c,	380c,	90c,	100c,	354c 20-25 3 B 5
165,	314,	305,	553,	136 20-25 3 A 5
455a,	48a,	287a,	364a,	363a 20-25 2 C 5
455b,	48b,	287b,	364b,	363b 20-25 2 D 5
455c,	48c,	287c,	364c,	363c 20-25 2 B 5
542,	308,	301,	502,	438 20-25 2 A 5




3.7    Experiment 6: Detectability of holes in intact maple 
trees




4   Results




Table 3. Optimal settings of the hole detection method for pre-drilled stems. Outer diameters (dout), diameters of hole (dhole) and the states 
of the pre-drilled stems are provided in Table 2.





1a-5a 1.9 .1 .8
1b-5b 1.5 .35 1.0
1c-5c 1.4 .20 1.2
6a-10a 1.3 .23 .9
6b-10b 1.7 .33 .8
6c-10c 1.6 .45 1.0
11a-15a 1.7 .13 2.1
11b-15b 1.4 .22 2.0
11b-15b 1.2 .11 1.0
16-20 1.25 .55 2.7
21-25 1.9 .1 .8
26-30 1.5 .35 1.0





212a,	199a,	102a,	206a,	22a 1.4 .2 .7
212b,	199b,	102b,	206b,	22b 1.3 .23 .8
212c,	199c,	102c,	206c,	22c 1.7 .33 .8
121,381,372,139,316 1.6 .35 1
293a,	380a,	90a,	100a,	354a 1.9 .41 .8
293b,	380b,	90b,	100b,	354b 1.5 .35 .9
293c,	380c,	90c,	100c,	354c 1.4 .2 .9
165,	314,	305,	553,	136 1.3 .23 .7
455a,	48a,	287a,	364a,	363a 1.7 .13 .8
455b,	48b,	287b,	364b,	363b 1.6 .15 1
455c,	48c,	287c,	364c,	363c 1.7 .13 .9
542,	308,	301,	502,	438 1.4 .12 .9
3,	15,	355,	12,	205,	3 1.4 .2 .7
Average 1.5 .3 .8
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Fig. 8. The effect of stem position on the detectability of boreholes. Most close to the X-ray source, at 100 mm from the right side of the 
conveyer, the images appeared to be stretched out in y-direction. Most far from the X-ray source, at 500 mm from the right side of the 






Fig. 9. Detection of boreholes by machine vision. The corresponding X-ray image is provided in Fig. 8. Besides boreholes, a number of 
false positives was detected.
4.3 Experiment 2: the effect of boredust
The	presence	of	boredust	did		not	seem	to	have	a	large	effect	of	the	visual	appearance	of	boreholes	in	X-ray	images	(Fig.	
10).	In	both	cases,	pre-drilled	holes	of	5	mm	were	clearly	visible.
Fig. 10. The effect of boredust on the visual appearance of boreholes in X-ray images. Images are retrieved from maple stems with outer 
diameters of 30-35 mm containing pre-drilled holes of 5 mm: A) holes without boredust, B) same stems but holes filled with boredust
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Fig. 11. The effect of wood humidity on the visual appearance of pre-drilled holes in pine-wood axles. A) dout = 44 mm, dhole = 5 mm, wood 
humidity = 6%; B) dout = 44 mm, dhole = 5 mm, wood humidity > 24%; C) dout = 22 mm, dhole = 5 mm, wood humidity = 6%; D) dout = 22 
mm, dhole = 5 mm, wood humidity > 24%
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4.5  Experiment 4: The effect of axle diameter, pre-drilled 
hole diameter and hole position
In	all	cases,	holes	with	a	diameter	of	5	mm	were	visible	on	the	X-ray	images	(Fig.	12A	and	Fig.	12B).	Holes	with	a	diameter	
of	3	mm	could	 just	be	seen	 (Fig.	12C).	Holes	with	a	diameter	of	2	mm	were	 invisible	on	 the	X-ray	 images.	The	axle	
diameter	(compare	Fig.	12A	with	Fig.	12B)	as	well	as	the	position	(State)	of	the	hole	(compare	Fig.	12B	with	Fig.	12D)	
seem	to	have	an	effect	on	the	visibility	of	these	holes.
Fig. 12. The effect of axle diameter, pre-drilled hole diameter and hole position on the visual appearance of boreholes in X-ray images. 
A) dout = 44 mm, dhole = 5 mm, State = A; B) dout = 22 mm, dhole = 5 mm, State = A; C) dout = 44 mm, dhole = 3 mm, State = A; D) dout = 
22 mm, dhole = 5 mm, State = D. 
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4.6  Experiment 5: The effect of stem diameter, pre-drilled 







Fig. 13. The effect of stem diameter, pre-drilled hole diameter and hole position on the visual appearance of boreholes in X-ray images. 
A) dout = 30-35 mm, dhole = 5 mm, State = A; B) dout = 20-25 mm, dhole = 5 mm, State = A; C) dout = 20-25 mm, dhole = 3 mm, State = A; 
D) dout = 20-25 mm, dhole = 5 mm, State = D. 
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Fig. 14. X-ray image of an intact maple tree marked as suspicious. After destructive assessment, it was confirmed that this tree contained 
a borehole in the main stem.















False	positives 899 Mainly	 the	 result	 of	 line	 detected	 in	 the	 rootzone	 and	crown.	Hole	caused	by	rot	also	detected.
False	negatives 1 Hole	was	not	the	result	of	a	long-horned	beetle
Fig. 16. Detection of a borehole by machine vision. Besides this hole, also 17 holes were recognised — in this case especially in the 
crown — which were actually no holes.
























































The	 boreholes	 detected	 by	 visual	 assessment	 were	 also	 detected	 by	machine	 vision.	 However,	machine	 vision	 also	
resulted	in	a	number	of	false	positives	and	false	negatives.	If	an	X-ray	system	will	be	developed	that	specifically	aims	at	the	
detection	of	boreholes,	the	number	of	true	positives	will	increase	and	the	number	of	false	positives	and	false	negatives	will	
decrease.	If	such	a	borehole	specific	X-ray	instrument	should	be	developed,	we	strongly	recommend	to	involve	companies	
that	have	experience	in	manufacturing	X-ray	systems.	The	number	of	false	positives	will	probably	also	reduces	in	case	
the	hole	detection	method	is	improved.	A	first	priority	in	future	research	would	be	to	detect	and	exclude	regions	that	are	
unlikely	to	contain	boreholes.
The	929	trees	under	X-ray	investigation	were	part	of	a	consignment	of	20,000	trees	which	was	found	to	be	infested	by	
long-horned	beetles	upon	entry.	When	writing	this	report,	it	was	decided	to	X-ray	investigate	another	3000	trees,	part	of	
the	same	consignment.	We	recommend	to	study	the	X-ray	photos	associated	with	those	trees,	especially	photos	in	which	
boreholes	of	long-horned	beetles	seemed	to	be	present.	This	aspect	requires	serious	attention	since	several	living	larvae	
of	long-horned	beetles	have	been	found	in	some	of	the	3000	trees.
Finally,	it	is	recommended	to	study	sensor-fusion:	combining	of	sensory	data	from	different	types	of	sensors.	For	example,	
adding	a	digital	camera	to	an	X-ray	system	would	result	in	high	resolution	pictures	from	the	outside	of	the	tree.	These	
pictures	can	be	analysed	—visual	or	automatic—	to	search	for	the	presence	of	additional	symptoms	of	beetle	infestation	
such	as	fly-out	openings.	
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